Recently, much interest has focused around the use of high quality epilayers and heterojunctions of the AlGaNInGaN material systems for lasing structures. 1 In the past, several groups 2, 3 including ours 4 have demonstrated optically pumped stimulated emission using high quality single layers or single heterojunctions of GaN-InGaN. In this letter, we report on the band-edge stimulated emission in InGaN-GaN multiple quantum well ͑MQW͒ light-emitting diodes with varying widths and barrier thicknesses of the quantum wells ͑QWs͒.I nt hese devices, we observe that the stimulated emission peak wavelength shifts to shorter values with decreasing well thickness. From this measured quantum shift, we estimate the effective conduction-and valence-band discontinuities at the heterointerface. These values are important for the design of GaN based electronic and optoelectronic heterostructure devices.
In this work, we used low-pressure switched atomic layer epitaxy for the deposition of the MQW structures. The MQWs were deposited over basal plane sapphire substrates using low-pressure metalorganic chemical vapor deposition. Triethylgallium, trimethylindium, and ammonia were used as precursors for all InGaN and GaN growths. The GaN and InGaN depositions were carried out at 750°C and 500 Torr. Typical precursor flows were similar to those described earlier. 5 The structure consisted of an approximately 1 mt hick GaN layer followed by the MQW region. The individual layer thicknesses for the MQW regions for the samples of the stimulated emission study are listed in Table I . Indium composition in the well region was kept at xϭ0.13. The total thickness of InGaN in the MQW region ͑number of periods times the well thickness͒ was also kept constant, thereby, insuring afi xed pumped volume of InGaN for the different MQWs. From our past work, we estimate the penetration depth of the nitrogen laser ͑337 nm͒ to be around 0.2 mfor GaN ͑and/or͒ In 0.13 Ga 0.87 N, which is considerably larger than the total MQW thicknesses for the samples of this study. We used x-ray analysis to study the structure quality and verify quantum well thickness. From the position of the higher-order x-ray diffraction peaks, we estimated the thicknesses of one period ͑barrier and well͒ to be approximately 80 Åf or sample II of Table I . This is in reasonable agreement with the values based on growth parameters. To further confirm the quantum well thicknesses and to have ac loser look at the interface quality, we used cross-sectional highresolution transmission electron microscopy ͑TEM͒.
The designed thickness of the TEM sample, which was grown under similar conditions as sample II, is also listed in Table I . An indium concentration (xϭ0.35),l arger than in the other samples was grown into the structure. The TEM images ͓Figs. 1͑a͒ and 1͑b͔͒ depict that GaN/ In x Ga 1Ϫx N/GaN quantum well structures can be grown with ar easonable homogeneous In concentration in the wells and with well-defined interfaces that are abrupt. The GaN/In x Ga 1Ϫx Na nd the In x Ga 1Ϫx N/GaN extend over ad istance of 1-1.5 nm across the QW's. 6 No misfit dislocations are formed during growth of the wells. The spacing of the GaN/In x Ga 1Ϫx Nstacks is regular. It ranges from 10 to 11 nm for quantum wells close to the substrate ͑stack 1-6,c ounted from the substrate side͒ and increases only slightly to 13 nm in the top of the structure ͑stack 7-10͒.T he data are in reasonable agreement with x-ray measurements and with estimations based on growth parameters. Clearly, strain relaxation occurred via surface roughening, which led to the three-dimensional growth in the top of the structure forming facets with aV -shape on the ͕01 11͖ planes ͓Fig. 1͑a͔͒.F ormation of the facets on these polar planes might have the same origin as formation of pinholes observed in GaN. 7 This occurred at an effective In x Ga 1Ϫx Nlayer thickness of 25 nm for an indium concentration of xϭ35%.D etails about relaxation processes will be published elsewhere. 6 Here, we note that in the structures used for our optical measurements, the low In concentration of xϭ13% assures that this critical thickness for strain relaxation is not exceeded. It is for this reason that the indium concentration in our In x Ga 1Ϫx Nl ayers with xϭ13% is more homogeneous and that no surface roughening occurred. On the other hand, the shape of the In concentration profile across our short period superlattice with aw ell width of 1.25 or even 0.5 nm will certainly be dominated by the final In x Ga 1Ϫx N/GaN interfacial width of 1-1.5 nm.
In Fig. 2 , we plot the room-temperature pulsed photoluminescence ͑PL͒ of the samples of Table Ialong with that of ab ulk 250 Åt hick In 0.13 Ga 0.87 Ns ample. An itrogen laser operating at 337 nm and av ertical cavity geometry were used for these measurements ͑see the inset in Fig. 2͒ .T he laser beam was focused on the sample to yield am aximum power density of 10 MW/cm 2 .Asynchronous boxcar detection system with aphotomultiplier tube was used to measure PL signals. As before, 4, 5 we assign the sharp emission peaks ͑full width at half-maximumϭ3nm) to the onset of the stimulated emission ͑the threshold power was 1MW/cm 2 ͒. The stimulated emission peak clearly moves to shorter wavelengths with decreasing well thicknesses. We feel the shift in the stimulated emission peak position to be caused by quantum confinement, and is related to the subband formation in the quantum wells. This allows us to estimate the conduction-band and the valence-band discontinuities, ⌬E c and ⌬E v .S ince the electron effective mass in In 0.13 Ga 0.87 N is much smaller than the heavy-hole mass, the quantum shift is larger when al arger fraction of the energy-band discontinuity ⌬E g ϭ⌬E c ϩ⌬E v is in the conduction band. By comparing the calculated shift with the measured value, we can extract an approximate value of band discontinuities. To this end, we first estimated the electron effective mass of In 0.13 Ga 0.87 Na sf ollows: m*/m 0 ϭ0.11ϩ0.09͑1Ϫx ͒. ͑1͒
From our photoluminescence data, we estimated the band gap of the bulk In 0.13 Ga 0.87 Ntobe3.024 eV, in approximate agreement with the data of Osamura et al. 8 We then calculated the positions of the first subbands for electrons and heavy holes for the composition profiles corresponding to our MQW listed in Table I nm for the structures with 25 Åq uantum wells and 12.5 Å quantum wells, respectively, in agreement with the measured peaks ͑see Fig. 2͒ .E ven though the quality of our structure with the 5Åq uantum wells was the same as the quality of our structures with wider wells, the fit with the simple theory based on the effective-mass approximation could not be obtained ͑see Fig. 3͒ .T his is not surprising, because the effective-mass approximation is not valid for such short period superlattices. 9 As it was shown in Ref. 9f or wurtzite III-nitride superlattices, the calculations based on the effective-mass approximation overestimate the changes in the energy levels in III-nitrides due to confinement.
The wide-band-gap semiconductors exhibit pronounced piezoelectric properties. 10, 11 The piezoeffect can cause the electron-hole spatial separation and dramatically change the selection rules for the interband transitions by reducing the optical matrix element for the lowest-conduction-band-firstheavy-hole transition and by allowing transitions forbidden for flatbands. Also, it can cause an apparent decrease of the band gap. In our estimates, we neglected the piezoeffect for the following reasons: The nonequilibrium carrier concentrations generated by optical pumping are on the order of 10 19 cm Ϫ3 or more. At these concentrations, the straininduced electric field is largely reduced for our structures. Therefore, for the short-period superlattices, with the quantum wells of 25 or shorter, the effect of the built-in electric field on the band structure will be negligible. ͑For wider layers, this may not be true even at high carrier concentrations.͒ Figure 4s hows the computed band diagram of the GaN/In 0.13 Ga 0.87 Ns uperlattice with 25 Åq uantum wells and 50 Åb arriers. We estimated the discontinuities to be 130-155 meV and 245-220 meV for the conduction and the valence band, respectively.
Our estimate of the conduction-valence-band offset ratio, 0.5-0.7, is close to that extracted from the photoemission for InN/GaN heterostructures ͑for InN/GaN, the ratio is roughly 0.8͒. 12 However, additional studies of optical spectra and current-voltage and capacitance-voltage characteristics of GaN-InGaN structures are needed for am ore accurate estimate of the band-edge discontinuities.
In conclusion, we report on ar oom-temperature stimulated emission of GaN-In 0.13 Ga 0.87 Nmultiple quantum wells grown over basal plane sapphire substrates. In these devices, we observed the quantum shift related to the subband energy dependence on the well thickness and estimated the effective conduction-band discontinuity at the GaN-In 0.13 Ga 0.87 Nheterointerface to be approximately 130-155 meV, and 245-220 meV for the valence-band discontinuity, correspondingly. The estimated ratio of the conduction-band discontinuity-to-valence-band discontinuity, 0.5-0.7, is close to that extracted from the photoemission for InN/GaN heterostructures.
